An analysis has been carried out of optical heterodyne conversion with an interdigitated-electrode photomixer made from low-temperature-grown (LTG) GaAs and pumped by two continuous-wave, frequency-offset pump lasers. The analytic prediction is in excellent agreement with the experimental results obtained recently on a photomixer having 1.0~pm-wide electrodes and gaps. The analysis predicts that a superior photomixer having 0.2~pm-wide electrodes and gaps would have a temperature-limited conversion efficiency of 2.0% at a low difference frequency, 1.6% at 94 GHz, and 0.5% at 300 GHz when connected to a broadband 100 fi load resistance and pumped at hv=2.0 eV by a total optical power of 50 mW. The predicted 3-dB bandwidth (193 GHz) of this photomixer is limited by both the electron-hole recombination time (0.6 ps) of the LTG-GaAs material and the RC time constant (0.5 ps) of the photomixer circuit.
INTRODUCTION
Since the development of lasers, optical heterodyne conversion (photomixing) has been very useful for coherent detection in many regions of the electromagnetic spectrum. Photomixing was also proposed as a technique for generating coherent radiation in the microwave and millimeter-wave regions, ' and interest in this technique has been revived recently by the advances in high-speed III-V device technology.2*3 Of the two applications, coherent generation has been much less useful than coherent detection, because of the lack of a suitable photomixer. Although difference frequencies have been generated up to 61 GHz,~ the generated power has been severely limited by at least one of several factors, such as low photomixer bandwidth, poor optical power coupling, impedance mismatch between the photomixer element and the load circuit, and degradation of the photomixer properties at high optical pump power. In this paper, we analyze a photomixer that could alleviate all of these limitations and thereby provide milliwatt levels of continuous-wave (cw) power over a very wide operating bandwidth in the millimeter-wave region.
The physical basis for the proposed photomixer is electron-hole pair generation by photon absorption in lowtemperature-grown (LTG) GaAs or InGaAs. The LTG GaAs has recently displayed the remarkable photoconductive properties of subpicosecond electron-hole recombination time4 r and high dc breakdown field (E,, 1 x 10' V cm-').5 In addition, it displays a high photocarrier mobility (~~1200 cm2 V-' s-') relative to semiconductors having a comparable recombination time. Together these properties have led to some impressive optoelectronic results, such as the generation of a 600-V-peak pulse having a full width at half-maximum of 2 PS,~ and the direct detection of intense subpicosecond laser pulses with a responsivity of 0.1 A/W.6
II. LTG-GaAs PHOTOMIXER
The photomixer consists of two sets of interdigitated metal electrodes deposited on the top surface of the LTG material, as in the direct detector of Ref. 6 . A crosssectional view of the electrode configuration is shown in Fig. 1 (a) . The band bending at the metal-semiconductor junctions is assumed to be small, so that the photocarrier collection process is photoconductive rather than photovoltaic. This is consistent with the experimental results obtained to date on LTG-GaAs detectors. Therefore, the photomixer can be represented electrically by a photoconductance G, that is a function of the absorbed optical power. Because the essential photoconductive properties of the LTG GaAs-the absorption strength, mobility, and recombination time-are practically independent of the electrode voltage, Gp can be approximated as an ohmic conductance. In the equivalent circuit in Fig. 1 (b) , Gp is connected in series with a small (contact) resistance R,. Both elements appear in parallel with a capacitance C that is a function of the electrode geometry and the dielectric constant of the photoconductive material. This capacitance can be derived from electrostatic theory. ' The electrodes are connected to a planar distributed circuit, such as a broadband spiral antenna, or a coplanar waveguide. In both cases, the planar circuit can be represented electrically over a very broad bandwidth by the resistance R,. The electrical bias for the circuit is supplied by the voltage source V,.
For simplicity, we make the following assumptions concerning the interdigitated photomixer: ( 1) the electrodes are opaque to the incident radiation and (2) the instantaneous optical power absorbed per unit volume and the bias electric field Ep between the electrodes are both uniform in a volume defined laterally by the area of the gaps and vertically to a depth of L,. Thus, Gp can be approximated as
where n is the instantaneous photocarrier pair density throughout the absorption volume, pe and ,& are the electron and hole mobilities, respectively, N8 is the number of gaps, L, is the length of the electrodes, and ws is the width overlap of the two laser beams. In the present analysis, hv, and h~z are greater than the room-temperature GaAs band-gap energy ( of the gaps between the electrodes. The photocarrier density is the solution to
where ve is the external quantum efficiency (number of photocarrier pairs generated per incident photon), Pi is the optical power incident on the detector, hv is the photon energy, w, is the width of the electrodes, Pi/L,(N$Ug +N$w,) is the incident optical intensity, and N, is the number of illuminated electrodes. According to the assumptions, we also have the relation
where t is the power transmissivity at the top air-GaAs interface and vi is the internal quantum efficiency (number of photocarrier pairs generated per photon entering the photomixer material).
Ill. OPTICAL HETERODYNE CONVERSION
The photomixing process occurs by illuminating the interdigitated-electrode region with two single-mode cw laser beams having average powers P, and P2 and frequencies v1 and vz, respectively. The instantaneous optical power incident on the photomixer is given by8
where PO= P, + P2 is the total incident power averaged over a long time period, and m is the mixing efficiency that ranges in value between 0 and 1 depending on the spatial 7120r n(t)=hvAL, -1+
( 2 JmP,P, sin(ot++)
where w=2rf, 4=tan-'( l/wr), and A= Le(New, +NP~) is the active area. By substituting this expression into Eq. ( 1) and applying Eq. (3), we obtain the timedependent conductance
At low optical power levels Go is related to the shortcircuit external responsivity S by
This expression is useful for relating the intrinsic material properties to the measured responsivity. The time-dependent conductance modulates the bias current from V, at frequency f and thus delivers power to R, at this frequency. This power is found by solving the dynamic current equation for the circuit in Fig. 1 (b) . From the Kirchoff current law, we write the time-varying voltage v across the photomixer element as the solution to the following differential equation:
For GP in the form of Eq. (6), this equation cannot be solved in closed form. However, a useful approximate solution is obtained by assuming that v is harmonic (i.e., v= D+ E sin cot+ F cos wt, where D, E, and F are constants), by setting C$ to zero, and by neglecting Rp The phase of v can be zero without loss of generality since the phase of the photocarrier density is arbitrary. However, neglecting R, is valid only if G,-,R,( 1 and RJR+ 1. By substituting the harmonic voltage into Eq. (8) and dropping the terms varying with time as 2wt, we tind (9) This expression has the following expected properties. First, for fixed w, RL, and PO, the value of P, is maximized for m = 1 and P, = P2= Pd2. Second, in the small-signal limit, where G,,R,<l, and under the assumption that P, is maximized as just described, Eq. (9) reduces to
which is the result that one would obtain from small-signal photoconductor theory.8 Third, in the limit of high frequencies, where wr) 1 and wRLC) 1, the above smallsignal expression for P, reduces to fViGaL/u4( rRLC)2. Since the difference-frequency power is dropping at 12 dB/ octave in this limit, it is very important for the photomixer to have low r and C.
A quantity of practical importance is the conversion efficiency, e,rPJPo.
In the limit o-0, the efficiency e. displays a maximum with respect to PO at Gos0.387/RL and VB = r, where F is the maximum voltage that can be applied between adjacent electrodes without electrical breakdown. The resulting maximum conversion efficiency is given by
where Em,, is the maximum electric field that the LTG material can withstand in the absence of illumination. An important aspect of Eq. (10) is that in the limit of low contact obscurity (i.e., wJwg(l.O), and when NezNg (as in a multiple-electrode photomixer), $,, depends only on the intrinsic properties of the LTG material and not on the electrode configuration. Another aspect is that the maximizing value Go=0.387/RL is substantially smaller than it would be (viz., G,=R,') in the small-signal limit. This is beneficial for power generation in the millimeter-wave band, where it is difficult to obtain broadband planar antennas or transmission lines having R, greater than a few hundred ohms.
IV. COMPARISON WITH EXPERIMENT
We have recently fabricated LTG-GaAs interdigitated photomixers and have measured the output power as a function of pump power with pump photon energies near 1.6 eV and a difference frequency of 200 MHz.~ The photomixer consisted of ten 1.0~pm-wide electrodes and nine 1.0 pm gaps. The electrode length was 20.0 pm. The l.Opm-thick LTG-GaAs epitaxial layer was grown by molecular-beam epitaxy on a semi-insulating ( 100) GaAs substrate at a temperature of 195 "C. From previous characterization on material grown under the same conditions, this LTG GaAs is expected to have a r of approximately 0.6 ps and an Em,, of approximately 5 x 10' V cm-'. The photomixer was fabricated in the gap of a 50-R coplanar waveguide, which was connected to a 50-R coaxial transmission line to measure the output power.
Shown in Fig. 2 The conversion efficiency increases from 0.040% to 0.085% over the same range. The experimental results are compared to the theoretical curve calculated from Eq. (9) with the parameters /3= 1, G,=SPdV,, S=O.O26 A/W (measured at VB=36 V), RL=50 R, and C=6.1 fF (calculated from a standard formula'). Over the given range the theoretical curve is very nearly quadratic with PO. At the lowest pump power, the theoretical P, is in excellent agreement with the experiment. However, the discrepancy between theory and experiment grows with increasing PO.
When the experimental pump power was increased slightly beyond 170 mW, the photomixer was destroyed because of excessive heating. ' The increase in device heating with PO also explains the subquadratic dependence of the photomixer experimental output power. Above room temperature, the photocarrier mobility should decrease with increasing operating temperature because of phonon scattering. We expect that rli and r should also vary with temperature, but much more slowly than the mobility. Thus, Go defined in Eq. (6) will vary sublinearly with PO, leading to a subquadratic dependence of P, on PO in Eq. (9). This is consistent with the experimental observation that the responsivity decreased with PO over the range of 25-170 mW. By Eq. (7), the.responsivity would be constant if Go were linear in PO.
A rough estimate of the temperature at the surface of the photomixer is obtained by assuming that the GaAs substrate is semi-infinite and that all of the optical pump power is absorbed in an infinitesimal layer just below the photomixer surface. This leads to a temperature rise at the surface of AT=:(P,+P,)/~KD (Ref. lo), where PA is the absorbed optical power, PE is the dissipated electrical power, K is the room-temperature thermal conductivity of GaAs (0.46 W cm-'K-l), and D is the width of the active area of the photomixer (assumed to be square). The operating temperature is thus Top= To+ AT, where To is the ambient temperature. With the present assumptions, we have PA= tPdv$Dg/(N$ug+ N,pJ. At the photon energy of 1.6 eV, tzO.67," so that PAz0.33Po. For VB=36 V and PO= 170 mW, the experimental value of PE was 104 mW. Thus, at To=25 "C the approximate Top of the given photomixer was 112 "C.
V. SUBMICRON-GAP PHOTOMIXER
A photomixer having an output power exceeding 1 mW and a conversion efficiency exceeding 1% would be very desirable for millimeter-wave (f> 30 GHz) applications. To achieve this level of performance, a photomixer having higher responsivity is required. Of all the photomixer parameters in Eq. (7), the responsivity is most sensitive to the electrode and gap widths. Therefore, we consider the structure studied by Chen et a1.6 as a direct detector that had 20 electrodes with w,=O.2 pm and 19 gaps with w,=O.2 pm. The electrode length was 6.5 pm. The measured detector parameters at hv=2.0 eV and V,=8 V were r=O.6 PS, t=0.59, 71i=O.68, and S=O.l A/W. The electrode capacitance was 4.9 fF. Inserting these parameters into Eqs. ( 1) and (6), we calculate the photocarrier mobility ,u,+p,,= 167 cm2 V-' s-t.
Operating as a photomixer, the 0.2~pm-gap structure provides the theoretical performance characteristics shown in Fig. 3 . No consideration is given to device heating. In Fig. 3(a) , we plot the output power according to Eq. (9) as a function of PO in the limit w-0 for values of R, of 50, 100, and 200 a. At low values of PO, the photomixer output power increases between R,=50 and 200 R. At high values of PO, this trend reverses for reasons explained by the plots of e. vs PO in Fig. 3 (b) . For each R,, v is 4.6%. However, the pump power required to attain Gax, r varies inversely with R L. This is related to large-signal impedance matching between the photomixer and the load resistance. From the results of Sec. III, we can write r =0.387 VB/sR,. Consequently, within a given set of load resistances, the largest R, yields the highest conversion efficiency up to the corresponding v.
At higher levels of PO, lower values of RL will yield the highest conversion efficiency and output power.
We include the effect of device heating by constraining the operating temperature to 112 "C, consistent with the estimate derived at the end of Sec. IV. Using the same estimation procedure, we find that the highest total power that can be dissipated in the 0.2~pm-gap photomixer is 57 mW. Using the approximation PEzSPoVB and the relation PA=0.33Po (since we= wa for the 0.2~pm-gap photomixer), we find that the highest optical power is 50 mW. As shown in Fig. 3 , this optical power yields a temperature-limited output power and conversion efficiency of 0.6 mW and l.l%, respectively, for RL= 50 fi; 1.0 mW and 2.0%, respectively, for RL= 100 R; and 1.6 mW and 3.2%, respectively, for RL=200 R. In each case the conversion efficiency falls short of the 4.6% maximum because of the temperature constraint.
In Fig. 4 the frequency-dependent conversion efficiency, e,, is plotted for PO=50 mW and the same values of R,. For RL= 50 s1, the 3 dB bandwidth is 235 GHz, which is limited primarily by the effect of r. For RL= 100 Q the 3 dB bandwidth is 193 GHz, which is limited almost equally by T and by the time constant RLC=0.5 ps. For R,= 200 a, the bandwidth is 139 GHz, which is limited primarily by RLC. With a bandwidth exceeding 100 GHz, the LTG-GaAs photomixer would be very useful as a millimeter-wave sweep oscillator in diagnostic applications or as a frequency-agile source in millimeter-wave communications systems.
VI. MODIFICATIONS OF PHOTOMIXER DESIGN
Two modifications of the basic photomixer structure in Fig. 1 (a) would alleviate the heating problem and lead to a substantial improvement in the performance of the LTGGaAs photomixer. First, the responsivity could be enhanced by increasing the internal quantum efficiency and the transmissivity through the top air-semiconductor interface. Second, the operating temperature of the photomixer could be greatly reduced by increasing the thermal conductance away from the active region. For example, vi would approach unity by embedding a GaAs/AlGaAs di- Fig. 3 . The total optical pump power was fixed at 50 mW, consistent with the estimated maximum operating temperature of 112 "C. electric mirror between the LTG epitaxial layer and the GaAs substrate. The transmissivity would approach unity by depositing a quarter-wave antireflection coating on the top surface made out of a transparent dielectric material such as Si,N,. To see the effect of these modifications, we have projected the performance of the 0.2~pm-gap photomixer, assuming t and vi= 1.0. In this case, we calculate S=O.25 A/W and e= 11.3%. The maximum conversion efficiency is attained at PO=247 mW for R,= 50 s1, PO=124 mW for R,=lOO R, and PO=61 mW for RL =200 a. However, inclusion of the temperature constraint of 112 "C reduces the allowable pump power to 24 mW. This yields a temperature-limited output power and conversion efficiency bf 0.8 mW and 3.3%, respectively, for R,=50 a; 1.4 mW and 5.7%, respectively, for RL=lOO R; and 2.1 mW and 8.8%, respectively, for RL=200 R. Although the heating constraint again precludes the attainment of E;;ax, the temperature-limited output power and conversion efficiency are more than doubled over their respective values in Sec. V because of the enhanced responsivity.
An effective way to increase the thermal conductance away from the active region would be to fabricate the photomixer on a substrate having a higher K than GaAs. This could be done by bonding the LTG-GaAs epitaxial layer to the preferred substrate, removing the GaAs substrate, and then fabricating the interdigitated structure. A promising substrate material is Sic, which has a room temperature K that is nearly eight times that of GaAs. The greatest impact of this technique would be on the performance of low-RL photomixers.
VII. CONCLUSION
It is important to point out two advantages of the LTG GaAs over alternative photoconductive materials, such as semi-insulating or ion-bombarded GaAs, for the photomixing application. First, in the LTG GaAs the breakdown electric field is approximately 5 x lo5 V cm-', whereas in the other photoconductive materials it is roughly three times lower. According to Eq. (lo), this affects the maximum conversion efficiency quadratically. Second, LTG GaAs has a substantially shorter photocarrier recombination time. This allows the photomixer to operate in the millimeter-wave region and still be below the 3 dB powerconversion frequency. In the alternative GaAs materials, where r is of the order of 10 ps, the conversion efficiency begins to fall by at least 6 dB per octave, starting in the microwave region. The shorter r also allows the photomixer to withstand much higher optical powers before degradation of the photoconductive properties by high photogenerated-carrier density. This explains the remarkable experimental result that the LTG-GaAs responsivity in direct detection is nearly constant with pulsed optical pump intensities up to 3~ lo8 W cm- ' (Ref. 6) . The combination of high breakdown field and short lifetime also means that the LTG-GaAs photomixer has the potential to operate efficiently with pulsed lasers for high-peak-power, low-average-power applications in millimeter-wave coherent radar. A derivation similar to that presented here indicates that pulsed conversion efficiencies in excess of 10% can be achieved with LTG-GaAs photomixers having electrode and gap widths greater than 1 ,zrn (Ref. 12) .
